During investigations of the evolution of experimental laboratory infections of woodchucks (Marmota monax) with the woodchuck hepatitis virus (WHV), eight hepatocellular carcinomas (HCC) were observed, six in newborns and two in young adult animals, all within 17-36 months after infection. The absence of an external cocarcinogenic effect in the well-monitored woodchucks indicates the carcinogenicity of WHV and suggests the same for the genetically and biologically similar human hepatitis B virus (HBV). Laboratory infections of woodchucks with two strains of WHV, not reported here in detail, resembled human and chimpanzee HBV infections histologically and serologically. In these studies, eight woodchucks became carriers of surface antigen of WHV for >1 year. All eight woodchucks developed HCC, indicating a 100% risk of HCC in experimentally infected chronic WHV antigen carriers, which is analogous to the high risk of HCC in human hepatitis B surface antigen carriers. Histologically, the absence of cirrhosis in the examined pericarcinomatous tissue permits recognition of gradual transition from normal parenchyma to neoplastic nodules to HCC of rising anaplasia, indicating a continuum of increasingly more malignant neoplastic stages, as known for chemical carcinogenesis. The HCC developed in carrier woodchucks infected as newborns with only minor, if any, hepatitic changes but is associated with antigen-carrying hepatocytes and sometimes with hyperplastic nodules. This stage was preceded in infected adults by an early, acute, weeks-long hepatitis coinciding with the appearance of surface antigen. These findings are also analogous to typical HBV infection in human newborns and young adults, respectively. At the time of HCC development in all animals with adequate histologic material, an acute recent necroinflammation appeared around the tumor, associated with abnormal hematopoietic cells around and within the tumor. A promoting role in carcinogenesis of this necroinflammation of yet unestablished pathogenesis is being postulated, to be confirmed by determination of the status of the WHV DNA in the HCC and by prospective histologic study of the inflammatory reaction.
ABSTRACT
During investigations of the evolution of experimental laboratory infections of woodchucks (Marmota monax) with the woodchuck hepatitis virus (WHV), eight hepatocellular carcinomas (HCC) were observed, six in newborns and two in young adult animals, all within 17-36 months after infection. The absence of an external cocarcinogenic effect in the well-monitored woodchucks indicates the carcinogenicity of WHV and suggests the same for the genetically and biologically similar human hepatitis B virus (HBV). Laboratory infections of woodchucks with two strains of WHV, not reported here in detail, resembled human and chimpanzee HBV infections histologically and serologically. In these studies, eight woodchucks became carriers of surface antigen of WHV for >1 year. All eight woodchucks developed HCC, indicating a 100% risk of HCC in experimentally infected chronic WHV antigen carriers, which is analogous to the high risk of HCC in human hepatitis B surface antigen carriers. Histologically, the absence of cirrhosis in the examined pericarcinomatous tissue permits recognition of gradual transition from normal parenchyma to neoplastic nodules to HCC of rising anaplasia, indicating a continuum of increasingly more malignant neoplastic stages, as known for chemical carcinogenesis. The HCC developed in carrier woodchucks infected as newborns with only minor, if any, hepatitic changes but is associated with antigen-carrying hepatocytes and sometimes with hyperplastic nodules. This stage was preceded in infected adults by an early, acute, weeks-long hepatitis coinciding with the appearance of surface antigen. These findings are also analogous to typical HBV infection in human newborns and young adults, respectively. At the time of HCC development in all animals with adequate histologic material, an acute recent necroinflammation appeared around the tumor, associated with abnormal hematopoietic cells around and within the tumor. A promoting role in carcinogenesis of this necroinflammation of yet unestablished pathogenesis is being postulated, to be confirmed by determination of the status of the WHV DNA in the HCC and by prospective histologic study of the inflammatory reaction.
Recently, several viruses have been associated with the induction of carcinomas in humans on epidemiologic and virologic evidence. This includes the Epstein-Barr virus in Burkitt lymphoma, the papilloma virus in cervical carcinoma, the group of human T lymphotropic viruses in lymphomas, and the hepatitis B virus (HBV) in hepatocellular carcinoma (HCC) (1) . Despite the strong evidence for the carcinogenicity of these viruses, the requirement of a cocarcinogen is not fully excluded, although through the years this essentiality has become less probable. In chronic HBV infections, a potential role of aflatoxin (2, 3) is not excluded to date. HBV is a member of the hepadnaviruses, which show great homologies in DNA and its gene products but limited crossinfectivity (4, 5) . In the eastern woodchuck (Marmota monax), in the Beechey ground squirrel in California, and in Pekin ducks in China, hepatitis and HCC have been observed in animals infected with the woodchuck hepatitis virus (WHV) (6), the ground squirrel hepatitis virus (7) , and the duck hepatitis B virus (8) , respectively. The animals had been infected in the wild and subsequently observed in captivity. The incidence of HCC in the woodchucks ranged from 25% to 85% (5, 9) . Laboratory infection with the animal hepadnaviruses has succeeded in all three species [WHV (10) , ground squirrel hepatitis virus (11) , duck hepatitis B virus (12, 13) ] and has been associated with the characteristic markers of infection and with histological hepatitic alterations of varying severity. Particularly in the woodchucks the lesions corresponded to those described in wild infected animals (14) . Here we report the development of HCC in six of six woodchuck hepatitis surface antigen (WHsAg) carriers infected in the laboratory at birth and in two of two carriers infected as adults. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
MATERIALS AND METHODS

Experimental
Serologic Determinations for WHV Markers. Serologic tests were carried out on the offspring of seronegative dams at 1 month following infection, repeated monthly for 9 months, and subsequently repeated at 3-month intervals. WHsAg was determined by solid-phase sandwich radioimmunoassay with an '25l-labeled monoclonal antibody probe (15) . Core antibody (anti-WHc) was assayed by competitive inhibition with a solid-phase radioimmunoassay utilizing an 'l25-labeled anti-WHc probe (16) , and surface antibodies (anti-WHs) were assayed by double antibody immunoprecipitation of 125I-labeled WHsAg-immunoglobulin complexes with rabbit anti-woodchuck IgG (17) .
Histologic Investigations. In the Cornell study, hepatic tissue (ca. 1.5 g) was obtained from the offspring by exploratory laparotomy under anesthesia 1 (Table 1) . In this entire group only 6 woodchucks became chronic WHsAg carriers, 3 males and 3 females, and they were the subject of the detailed histologic study. The other woodchucks did not have significant histological lesions at 1 year and subsequent time points. The 19 animals with virologic markers of past infection and 15 uninfected controls were followed concurrently with the carrier woodchucks.
In the Maryland study of 12 inoculated woodchucks, 10 were transiently WHsAg positive and were followed for 1 year (5), while 2 females, woodchuck 27 (infected at 3 years of age) and woodchuck 111 (infected at 9 months), became chronic WHsAg carriers and never developed anti-WHs, as confirmed by serial serologic examinations; they were subjected to serial histologic studies of needle biopsy specimens. Their WHsAg titers increased with time but declined in the last weeks of study. Of the 4 animals with transient WHsAg, only 2 developed a mild acute hepatitis, which disappeared after 4 weeks. (Fig. 1B) . There was no inflammation in the nodules, in contrast to the surrounding parenchyma. Hepatocytes with Victoria blue-positive inclusions were recognized in the border zone as well as within the neoplastic nodules (Fig. 2C) . Gradual transition from the neoplastic nodules to frank HCC was noted, again, in the same cell plate, with the cells in the nodules having more cytoplasm than those in the HCC, although the nuclei appeared of similar size (Fig. 2B) . Connective tissue capsules did not form, either around the nodules or around the HCC. The HCC revealed trabeculae of mostly several cells. These cells had basophilic cytoplasm, often vacuolated because of fat droplets. The nuclei were large, varying in size, and often polychromatic. Mitoses were rare. Lumina in the center of the trabeculae contained proteinic material. Sinusoidal cells were mostly increased but only few lymphocytes and occasional neutrophils were noted (Fig. 2D ). Single and often bizarre-appearing hematopoietic cells were present, sometimes arranged in groups (Fig. iD) . The degree of anaplasia of the HCC varied throughout, being more conspicuous in their central portions rather than near the transition from neoplastic nodules. DISCUSSION Experimental acute viral hepatitis in woodchucks with features described in natural infections (14) supplements and extends results of previous studies (10, 19, 20) . The histological and serological features of the acute hepatitis correspond to those in humans and particularly in chimpanzees (21) and were related to the age of the animal at time of infection as well as the presence of serum WHsAg, with only rare hepatocytic lesions in animals that only seroconverted without woodchuck hepatitis surface antigenemia.
Minimal hepatitis was observed in newborn and adult animals that became chronic WHsAg carriers for at least 12 years, in the adults after subsidence of a transient acute hepatitis. The most distinctive features of the later carrier state are mild lymphocytic infiltration in the portal tracts in routine histological sections and frequent Victoria bluepositive cytoplasmic inclusions that correspond to the HBsAg-loaded hepatocytes in "ground-glass" hepatocytes in human and chimpanzee HBsAg carriers. Thus, the minimal-lesion WHsAg carrier state in woodchucks corresponds histologically to the human "healthy" HBsAg carrier state (22) . The latter develops more frequently in neonatal than in adult infections and also has a high risk for HCC.
The most significant observation reported here is the development of HCC in woodchucks infected with WHV in the laboratory as newborns or adults. fa~~~~~~~~~~~~~F I 2Aul nfctdwodhuk 1 14wek ate nfcio ()Acie eatti efete i araiosofsiean tanigqultyo heptocte an nule, icrase siusida cels an cnspcuos nfitraio ofexandd prtl tact b inlamatry els tat xtnd nt th urondn prncya.Anoml eatpiei cls aros. x10,heaoxln/oin)(B eolstcnoueswthhpepasi heptoyts i pats tatar moe ha oe cllthck;trnstio t HC n te igt lwe apec. hecacinmacels WHV to human HBV, this strongly suggests that HBV also has a carcinogenic potential without requiring an external cocarcinogen, in support of the long-claimed association of HBV with HCC (23, 24 (26) .
The absence of cirrhosis in the examined WHV-associated HCC facilitates the interpretation of the precursor lesions. Serial examinations demonstrated precancerous nodular lesions and gradual transition from normal to nodular parenchyma to HCC of increasing anaplasia. This stepwise transition corresponds to the well-investigated transitions in chemical carcinogenesis (27) but, although resembling chemical effects (14) , is probably solely virus-induced. Variation in cell populations and nodules in nodules (28) are long known in chemical experimental carcinogenesis and have been found also in early human HCC (29) .
Though an external chemical cocarcinogen can be reasonably excluded in the WHV-associated HCC, the histologic observations suggest an endogenous promoting factor in the form of a new wave of necroinflammation of hepatitic character. Because of the limitations of available histologic material, the relation of the inflammation to HCC is less secure than the other data reported. The infiltration of the precarcinomatous and carcinomatous tissue by abnormal hematopoietic cells, particularly megakaryocytes, had been reported in woodchuck HCC following natural infection (14) . Their regular appearance in this study may also be related to the reported HBV DNA in free replicative form in lymphocytes of infected woodchucks, ascribing them clinical significance (30) . More significant but less well identified is the reappearance of a severe necroinflammation around the time of the HCC development. It seems to spare the HCC itself, in which, in other observations of large tumors, necrosis has been explained by the HCC outgrowing its blood supply. The inflammation described here seems to be more marked around the HCC.
In chemical carcinogenesis, necrosis has been postulated as an essential step (31) but its role is not established, particularly whether it is a result of the HCC or, more
